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Brown, David Andrew (M.S., Geology, Department of Geological Sciences) 
On the hydration of majoritic garnet 
Thesis directed by Professor Joseph R. Smyth 
 The Earth’s deep water cycle has been the object of significant debate in the mineral 
physics community.  Many researchers have devoted their time and effort to investigate the 
mechanisms by which water may be transported and stored in the mantle.  The bulk of this 
research has focused on the Mg2SiO4 polymorphs, olivine, wadsleyite, and ringwoodite, which 
have three cations to four oxygens (3:4) stoichiometry.  There is however a significant fraction 
in the mantle having two cations to three oxygen (2:3) stoichiometry.  In the upper mantle this 
fraction is composed of pyroxene and garnet, while in the transition zone the pyroxenes 
dissolve into the garnet phase. The majorite end-member is a pure magnesium silicate garnet 
that may dominate the garnet phase in the transition zone. Many previous studies have 
assumed that the hydration of this phase is negligible; however recent evidence suggests that 
the hydration of garnet may be significant.  This study presents data collected on a hydrous 
mineral assemblage containing wadsleyite, ringwoodite, and majorite.  There are very few poly-
phase samples of this composition that have been synthesized, and analysis of this sample by 
electron probe microanalysis, Raman spectroscopy, and secondary ion mass spectroscopy has 
yielded valuable information on the partitioning of water and iron between these phases.  The 
majorite has been analyzed by single crystal x-ray diffraction under both ambient and high 
pressure conditions.  This study also presents an empirical seismic velocity model of the upper 
1000 Km of Earth’s mantle, with the goal of constraining the amount of hydrogen that may be 
sequestered in the transition zone.   
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On the Hydration of Majoritic Garnet 
Chapter 1: Introduction 
What is majorite? 
 
 Majorite is a pure MgSiO3 end-member garnet that may be abundant in the Earth’s 
mantle transition zone (410 Km to 660 Km depth).  The garnet structure has a general formula 
X3Y2Z3O12, where X is a divalent cation (Mg, Fe, Ca, or Mn) in dodecahedral (8-fold) 
coordination, Y is a trivalent cation (Al, Fe3+,or Cr) in octahedral (6-fold) coordination, and Z is a 
tetravalent cation (Si) in tetrahedral (4-fold) coordination. In majorite, Mg occupies the 
dodecahedral site and half of the octahedral sites, and Si the tetrahedral site and also half the 
octahedral sites.  The mineral assemblage in the transition zone may contain up to 40% garnet 
by volume per the pyrolite model, and perhaps even more according to other models (Ritsema 
et al., 2009).  The garnet solid-solution is believed to increase in its majorite fraction with 
depth, reaching a maximum of approximately 73% majorite in the lower transition zone 
(Heinemann et.al., 1997).  There are several relevant enstatite-composition polymorphs in the 
deep Earth including; orthoenstatite, clinoenstatite, majorite, akimotoite, and MgSiO3 
perovskite which may constitute the bulk of the lower mantle (Smyth, 2006).  The pyroxene-
garnet phase transformation was first observed petrologically in the Coorara meteor.  This 
ordinary chondrite contained majorite coexisting with ringwoodite in shock-induced veinlets 
believed to be the result of extraterrestrial collisions (Smith and Mason, 1970).  Majoritic 
garnets have also been observed as inclusions in diamonds, suggesting a possible transition 
zone origin for kimberlitic magmas (Ringwood et al., 1992).  The mineral is named in honor of 
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Alan Major, who in collaboration with A. E. Ringwood first synthesized this phase (Ringwood 
and Major, 1971).   
                                           
 
Figure 1.1  
P-T phase diagram 
of the MgSiO3 
system, note that 
majorite and 
akimotoite 
(ilmenite structure) 
occupy a similar 
pressure range but 
majorite is stable at 
higher temperature 
(Gasparik, 2003).                                                                                                                                                          
 
 This garnet contains silicon in both tetrahedral and octahedral coordination.  In 
quenched samples the phase is slightly tetragonal due to ordering of the octahedral silicon and 
magnesium sites.  However it has been demonstrated that the cubic-tetragonal transformation 
is both temperature and composition dependent.  The garnet phase in the transition zone is 
probably cubic, although there is some contention over this (Heinemann et al., 1997).  The pure 
MgSiO3 end-member (when quenched) has unit cell parameters: a = 11.501(1) Å, c = 11.480(2) 
Å, V = 1518.6(4) Å3, and has space group I41/a (Angel et al., 1989).  Studies of garnets along 
the pyrope (Mg3Al2Si3O12) - majorite (Mg4Si4O12) join suggest that the phase is cubic in 
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aluminous compositions above about 20% to 25% pyrope.  Further, iron does not seem to have 
a pronounced effect on the symmetry of the phase (Heinemann et al., 1997, Wang et al., 1998).   
 Majorite almost invariably exhibits ubiquitous merohedral and pseudomerohedral 
twinning, which can complicate structure refinement.  Merohedral twinning occurs when the 
twin-element is a symmetry element of the crystal system, but not an element of the Laue class 
of the lattice.  This results in the overlapping of both direct and reciprocal lattice points of the 
twinned domains, and may simulate a higher Laue symmetry.  This type of twinning is often 
associated with a transition from a higher symmetry at high temperature to a lower symmetry 
upon cooling (Massa, 2000).  Majorite is commonly twinned on (110), which can result in an 
apparent Laue symmetry of 4/mmm (Angel et al., 1989).  Pseudomerohedral twinning results in 
structures that almost meet the requirements of a higher symmetry class.  In this case 
symmetry-unrelated pairs of reflections may be almost coincident, which may be manifested as 
splitting of the peaks or the reflection pairs may not be resolvable.  It is also possible for a 
measurable reflection from one twin domain to be coincident with a systematic absence in 
another (Massa, 2000).  Pseudomerohedral twinning of majorite has been reported to form 
lamellae with a composition plane {110}.  The twin law involves a 3-fold rotation about [111], 
which results in a permutation of the axes (Angel et al., 1989).   
Water in the mantle 
 
 When viewed from space one of the most striking characteristics of the Earth is its 
ocean.  Water covers approximately 70% of the planet’s surface area, however the oceans 
comprise only about 0.025% of Earth’s total mass (Smyth, 2006).  There is some debate over 
the origin of our planet’s water.  The Earth is believed to have accreted from essentially the 
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same material as chondritic meteors.  Analysis of chondritic meteors suggests that they have 
average water contents ranging from about 0.1% by weight in the inner belt to 4% in the outer 
belt.  This raises the question; where did all the water go?  Was it all lost to space, or was some 
retained?  The model currently favored by planetary science proposes that the bulk of Earth’s 
water was delivered by cometary collisions some time after formation.  The Deuterium-
Hydrogen ratio of terrestrial water is more consistent with that of comets than derivation from 
a primitive solar composition reservoir.    
 Until fairly recently it was widely assumed (and still is by many) that the Earth’s mantle 
is essentially completely anhydrous, and that the Earth’s oceans represent the bulk of the 
planet’s Hydrogen budget.  However there is a rapidly growing body of research that suggests 
the mantle may contain appreciable concentrations of Hydrogen, especially in the transition 
zone.  The most widely accepted major element compositional model for the mantle is the 
“pyrolite” model developed by A.E. Ringwood.  Pyrolite is a hypothetical primitive rock type 
first described as either a 3:1 or 4:1 mixture of dunite to basalt, with the basaltic portion being 
midway between the composition of a normal tholeiite and a normal alkali basalt (Green and 
Ringwood, 1963).  This is highly consistent with a depleted chondritic composition, and allows 
for the production of basalt through partial melting with a refractory peridotitic residuum.  
There are very few places on Earth where fertile pyrolitic xenoliths are bought to the surface.  
Most xenoliths in kimberlite and basalt are either basalt-composition eclogite or highly 
depleted peridotite and in many cases the peridotites are highly metasomatized.  A notable 
exception is the Pali-Aike site in southern Chile where fertile relatively un-altered garnet 
lherzolites have been found (Stern et al., 1999).   Phase transitions in a pyrolite composition 
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mantle can account for all of the major observed seismic discontinuities.  The 410 Km 
discontinuity is the result of the transition from olivine to wadsleyite in the Mg2SiO4 system.  
The 660 Km discontinuity is caused by the transition from ringwoodite (Mg2SiO4) to 
magnesium-silicate perovskite (MgSiO3) and ferropericlase (MgO).  Overall the observed 
interval velocities throughout the mantle are highly consistent with mineral assemblages of the 
pyrolite system, however several researchers have noted that there is a significant misfit in the 
transition zone (Duffy and Anderson, 1989).  The upper transition zone is dominated by the 
Mg2SiO4 polymorph wadsleyite.  The wadsleyite transitions to ringwoodite at approximately 
525 Km, however this phase transition does not have a strong seismic expression.  Wadsleyite 
and ringwoodite are thought to comprise approximately 60% of the volume of the upper and 
lower transition zone respectively.  It has been demonstrated that both phases can incorporate 
up to 3% water by weight into their structure.  The mechanism of hydration in these minerals is 
principally by protonation of octahedral cation site vacancies, i.e. the hydrogen is incorporated 
as hydroxyl.  The hydration of these phases would have a strong effect on the thermoelastic 
properties of the rock, and this has been proposed as an explanation for the misfit between the 
observed velocities of the transition zone and the modeled velocities of a pyrolite composition 
mantle.  Several researchers have attempted to estimate the degree of hydration in the 
transition zone from seismic constraints, with estimates as high as 1.5% water by weight (Inoue 
et al., 2004).  A velocity model for the upper 1000Km of the mantle is presented in the last 
chapter of this work, with the purpose of constraining the hydration of the transition zone 
based on recent measurements of thermoelastic properties of high-pressure phases as a 
function of H contents.  Arguments for and against significant hydration have also been made 
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on the basis of electrical conductivity from magneto-telluric studies.  However there is a lot of 
uncertainty and variability in the conductivity profiles of the Earth that have been observed, 
and there is some contention over the interpretation of this data (Huang et al., 2005, Yoshino et 
al., 2008).  It has also been suggested that hydration will affect the depth at which phase 
transitions occur, and arguments for hydration have been made based on the depths of the 410 
and 660 Km discontinuities (Ohtani, 2007). 
 
Figure 1.2 
Two possible mineral assemblages for a model pyrolitic mantle with an approximate basalt 
fraction of 20%, and adiabatic geotherm with a potential temperature of 1600 K.  Phases are:  
orthopyroxene (opx), clinopyroxene (cpx), high-pressure Mg-rich clinopyroxene (c2/c), olivine 
(ol), garnet (gt), wadsleyite (wa), ringwoodite (ri), ferropericlase (fp), Mg silicate perovskite 
(mgpv), Ca silicate perovskite (capv), akimotoite (ak), coesite (coes), and stishovite (st).  
(Modified from Ritsema et al., 2009). 
 
   The minerals of the upper mantle are also capable of incorporating significant quantities 
of hydrogen into their structures.  The solubility of water in olivine increases with pressure and 
may approach a percent by weight at the 410 Km discontinuity (Smyth et al., 2006).  Many 
researchers have proposed the existence of a deep water cycle, whereby water is exchanged 
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between the surface hydrosphere and the mantle.  Subduction of oceanic lithosphere may 
provide a flux of water into the deep mantle.  The oceanic crust may be highly hydrated and 
contain a host of nominally hydrous minerals such as serpentine, talc, chlorite, phengite, and 
lawsonite.  Upon subduction the hydrous phases break down and release water which fluxes 
back arc volcanism.  However many of the hydrous phases are stable to considerable pressure, 
and some of the expelled water may be incorporated as hydroxyl in the nominally anhydrous 
minerals such as olivine and pyroxenes.  There are also several nominally hydrous dense 
magnesium silicates that may be stable in the descending oceanic lithosphere, especially in the 
case of rapid subduction where slab temperatures would be somewhat depressed.  The 
transition zone may act as a reservoir in this cycle, and readily absorb any hydrogen that is 
delivered via subduction.  Some of this deeply subducted water is returned to the surface by 
the extrusion of mid ocean ridge basalts MORBs and ocean island basalts OIBs.  If one assumes 
current subduction rates and an average thickness of hydrated oceanic crust of 7 Km, the 
subducted material would only have to retain approximately 0.2 percent water by weight to 
have completely cycled the oceans through the mantle once in Earth’s 4.5 billion year history 
(Smyth and Jacobsen, 2006).  This raises some interesting questions: has the volume of Earth’s 
oceans remained constant over geologic time?  What is the total hydrogen budget of the Earth, 
and what is its average isotopic composition?   
 It has been proposed by some that the oceans have slowly been losing water to the 
mantle.  The “transition zone water filter (TZWF) model” proposed by Bercovici and Karato 
2003 calls upon a water-fluxed partial melt at the 410 Km discontinuity to explain the apparent 
geochemical segregation of the mantle.  In this model rising hydrous wadsleyite beneath a 
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spreading center generates a dense incompatible-element-rich partial melt upon crossing the 
discontinuity where it transforms to olivine.  This melt could be denser than the overlying 
peridotitic upper mantle, but less dense than the wadsleyite-dominated lithology beneath the 
interface.  This hypothetical melt would then migrate away from the spreading center, 
eventually to be reabsorbed back into the transition zone and lower mantle.  This mechanism 
can explain the depletion of MORBs and the apparent enrichment of the lower mantle whilst 
maintaining whole-mantle convection.  The interpretation of OIBs is that the plumes beneath 
them are hotter and ascending faster, hence the depletion mechanism is not as effective 
(Bercovici and Karato, 2003, Karato et al., 2006).   
Water in majorite 
 
 The investigation into mantle hydration has largely focused on Mg2SiO4 polymorphs as 
the reservoir minerals in the deep water cycle.  It is widely assumed that the lower mantle is 
relatively dry, although the evidence for the hydration of MgSiO3 perovskite is still somewhat 
equivocal.  The hydration of perovskite is believed to be less than 50 ppm wt.  If present phase 
D may incorporate significant amounts of water, and this may not have a seismic signature.  It 
has similarly been assumed that the hydration potential of the garnet phases in the mantle is 
quite negligible.  Naturally occurring pyrope garnets typically do not contain more than 200 
ppm wt water (Bolfan-Cassanova, 2005).  However it has been shown that the solubility of 
hydrogen in pyrope increases with pressure and samples with water contents in excess of 1000 
ppm wt have been synthesized (Mookherjee and Karato, 2010).  Previous studies into the 
hydration of tetragonal majoritic garnet have observed only modest concentrations.  It was 
reported by Bolfan-Cassanova et al. 2000 that a majoritic garnet synthesized under hydrous 
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conditions with 5% H20 in the starting material yielded a value of 677 ppm wt water when 
analyzed by non-polarized Fourier Transform Infrared Spectroscopy FTIR.  The pure end-
member majorite was synthesized at 17.5 GPa and 1500°C, and was coexisting with stishovite 
and melt (Bolfan-Cassanova et al., 2000).   
 This study presents data collected on a polyphase sample which may provide evidence 
that the hydrogen saturation limit of majorite is significantly higher than previously thought.  
The sample SS0105 contains coexisting wadsleyite ringwoodite and majorite.  It was 
synthesized at approximately 18 GPa and 1550°C using a multi-anvil apparatus at the 
Bayerishes Geoinstitut in Bayreuth Germany.  Secondary Ion Mass Spectroscopy (SIMS) analysis 
of this assemblage conducted at the University of Hawaii yielded water contents of 
approximately 8129 ppm wt +/-42, and 6539 ppm wt +/-59 for the wadsleyite and ringwoodite 
respectively.  However an acceptable SIMS measurement was not obtained on the garnet phase 
due to difficulties related to the very small grain size.  A second attempt at characterizing the 
hydrogen content of the majorite by ion probe will be made.  Raman spectra were measured 
for the wadsleyite and majorite, and the OH stretching modes were calibrated to a glass 
standard of known hydration.  This experiment yielded water contents of 6125 ppm wt and 
1354 ppm wt for the wadsleyite and majorite respectively, suggesting that the majorite in this 
sample may be significantly more hydrous than any majoritic garnet that has previously been 
reported (Bolfan-Cassanova et al., 2000).  Given the enormous volume of the transition zone 
and the high modal percentage of garnet, hydration of the garnet phase on the order of just 
several hundred parts per million by weight would have a significant impact on the overall 
hydrogen budget of the planet.   
10 
 
Chapter 2: Methods 
Synthesis 
 
 Sample SS0105 was synthesized using a Zwick-Voggenreiter 5000 tonne multi anvil 
press.  This Kawai-type press uses a powerful hydraulic piston to apply force to an assembly of 
eight tungsten carbide (WC) anvils.  The anvils are cubic in shape with corner truncations that 
focus the force on a ceramic octahedron, generating pseudo-hydrostatic stress at the center of 
the assembly.  Inside the octahedron is a two millimeter diameter platinum capsule that 
contains the sample.  The capsule must be carefully welded to seal in the hydrogen and prevent 
exchange with the outside environment.  The capsule is surrounded by a lanthanum chromite 
heating element and an insulating sleeve.  A current is passed through the heating element via 
the WC anvils.  The resistivity heater can attain temperatures up to 3000 K, and this type of 
apparatus can generate pressure in the capsule up to 25 GPa (higher pressure is possible using 
sintered diamond anvils).  The temperature in the capsule is monitored by a W/5%Re-W/26%Re 
thermocouple, and the pressure is gauged by an empirically derived relationship between the 
oil pressure applied to the hydraulics and the pressure inside the capsule.   
Figure 2.1 
Ram head of multi anvil press with 4 
out of 8 WC anvils assembled.  The 
octahedron containing the capsule is 
visible in the center surrounded by 
pyrophyllite gaskets.  The red and 
black wires are the leads to the 
thermocouple.  (Picture taken by the 
author at Bayerisches Geoinstitut.) 
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Figure 2.2 
Ram head of the 5000 tonne multi 
anvil press with anvils fully 
assembled, about to begin 
compression cycle.  The copper 
electrical contact for the resistivity 
heater is visible on the top anvil.  
(Picture was taken by the author at 
the Bayerisches Geoinstitut.) 
 
 
X-ray diffraction 
 X-ray diffraction is probably the single most useful mineral physics tool, and is one of the 
most important physical phenomena ever discovered.  The fact that crystals diffract X-rays, and 
that the pattern of diffraction is related to their internal atomic arrangement was first noted by 
Max von Laue in 1912.  Since then the science of X-ray crystallography has become quite 
mature, and with modern techniques very precise structural refinement is now routine.  There 
are two major categories of diffraction techniques; energy dispersive diffraction, and angle 
dispersive diffraction.  In addition, the sample may be powdered or it may be a single crystal.  In 
this study single-crystal angle-dispersive diffraction was used.  
 Since crystal lattices are periodic arrays of atoms and since inter-atomic distances in 
crystals are on the order of X-ray wavelengths, constructive and destructive interference 
occurs.  The smallest indivisible unit of a crystal lattice is referred to as the unit cell and is 
described by the 3 axial lengths (a, b, c) and the inter-axial angles ( ,  ,  ).  Atomic positions 
within the unit cell are given in fractional coordinates that use the crystallographic axes as the 
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basis for the coordinate system.  The unit cell can be solved through analysis of the angles of 
diffracted X-ray peaks.  If a suitable single crystal of a sample is available, then analysis of both 
the position and intensity of diffracted X-ray peaks allows the researcher to solve the full 
structure of the crystal and refine atomic positions.   
 It can be shown that in order for constructive interference to occur, a set of lattice 
planes must meet a reflection condition such that the angle of incident radiation is equal to the 
angle at which a peak is observed.  It is because of this that crystallographers refer to peaks in 
the observed X-ray intensity as “reflections”.  In addition to satisfying the reflection condition 
the angle must have a value that allows for all planes to be scattering in phase, i.e. the path 
difference between a ray “reflected” off a plane and a ray reflected by the next plane in the 
lattice must be an integral number of wavelengths.  These requirements for constructive 
interference are summarized by the Bragg equation n   = 2 d sin  , where lambda is the 
wavelength and theta is the angle of incidence (measured from the plane not the normal).  If 
the peaks of a diffraction pattern can be assigned an hkl index, then it is possible to refine unit 
cell parameters using the quadratic form of the Bragg equation for the appropriate crystal 
system. 
 In the practice of single crystal diffraction it proves to be useful to construct a reciprocal 
lattice, so called because many of its properties are reciprocal to those of the real or direct 
lattice.  If we define a vector r∗ =  -1 (s – s0), where s0 is a unit vector in the direction of the 
incident radiation and s is an arbitrary vector, then we will only observe a reflection where r∗ is 
coincident with a reciprocal lattice point (Giacovazzo et al.,1992).  This is consistent with the 
Bragg condition for diffraction.  If each point in the reciprocal lattice is assigned a weight to 
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represent the intensity of the reflection for the corresponding hkl plane, then this construct 
completely represents the diffraction pattern for the crystal.  These intensities which may be 
observed in a diffraction experiment can be characterized by the “structure factor”: 
        
 
   
                     
This modulus of this expression gives the amplitude of the wave, the square of which is the 
intensity.  The summation combines the contribution of each atom (at coordinates x y z) which 
is dependent on f: the atom’s scattering factor or “form factor”.  The form factor has been 
determined for all atoms and their ions and this information is stored in a library in most crystal 
refinement programs.  The form factor for an atom is a function of its electron density 
distribution (Giacovazzo et al., 1992).    
 Structural refinement of the majorite in sample SS0105 was conducted using a 
conventional 4-circle Eulerian cradle diffractometer with molybdenum radiation.  Using this 
method the single crystal is affixed to a glass fiber which is mounted on a goniometer head.  
The goniometer is positioned in the center of the diffractometer which allows the crystal to be 
rotated about 4 axes: ,  ,  , and  .  The goniometer head is mounted on the   circle, which is 
inside of the   circle.  The   circle has a horizontal axis and is perpendicular to the axes of   and 
  which are concentric.  The detector is affixed to the   circle.  By rotating the crystal about the 
4 axes different sets of hkl planes are brought into the diffracting position and it is possible to 
observe several thousand reflections over the course of an experiment.  If enough reflections 
are observed atomic positions and occupancies can be refined. 
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Figure 2.3.  A Bruker 4-circle diffractometer at the x-ray lab (University of Colorado at Boulder).  
The instrument on the left is equipped with an area detector, the instrument on the right is 
equipped with a point detector. 
 
Secondary ion mass spectroscopy 
 The secondary ion mass spectrometer SIMS was used to characterize the hydrogen 
content of the sample.  SIMS has been in widespread use since the late 1980’s, and is one of the 
more sensitive and direct spectroscopic techniques for the analysis of solid surfaces.  The 
method utilizes a beam of primary ions (usually Cs+ or O-) which upon collision with the sample 
ionizes and ejects the atoms from the sample surface.  After being desorbed by the ion beam 
these secondary ions are then collected by an electrostatic accelerating field and focused into a 
mass spectrometer for elemental analysis (Murr, 1991).  The rate of secondary ion production 
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can be related to the concentration of the element of interest in the sample by calibration using 
several standard samples of known atomic concentration.   
Electron probe microanalysis 
 Electron probe microanalysis EPMA was developed in the late 1950’s to early 1970’s as a 
result of the advances made in the field of electron microscopy.  EPMA is now routinely used to 
give major element chemical analyses of a wide range of sample types.  The technique utilizes 
the characteristic x-rays that are emitted when an electron beam interacts with a material.  The 
electron beam is focused on the sample by a condenser lens, which induces a change in the 
quantum state of the electrons bound to the atoms in the target.  Once the electrons fall back 
into their original un-excited state, an x-ray is emitted with a frequency proportional to the 
potential energy lost in the transition (Murr, 1991).   
 
Figure 2.4.  Electron microprobe at the University of Colorado at Boulder. 
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Raman Spectroscopy 
 Raman is a type of vibrational spectroscopy that utilizes an optical laser or LED source to 
excite characteristic fundamental modes within certain atomic groups in a molecule.  This is a 
very useful non-destructive technique for mineral identification and molecular characterization.  
Raman relies upon an inelastic light-scattering phenomenon whereby the incident photon loses 
some of its energy to the molecular vibration and the resulting scattered photon has reduced 
frequency (Larkin, 2011).  This technique is well suited to the identification of structurally 
bound hydroxyl in silicate minerals.  Raman spectra are typically plotted with relative intensity 
as a function of wavenumber (waves per unit length).  Depending on the atomic environment 
the OH stretching mode is commonly observed between 2900 and 3700 cm-1 (Kleppe and 
Jephcoat, 2006).  Although Raman is primarily a qualitative method, if the spectrum is carefully 
calibrated to a standard of known hydration it is possible to obtain quantitative results. 
Diamond Anvil Cell 
 The diamond anvil cell (DAC) is a high pressure device that is capable of generating 
extreme static pressure beyond that of any other mineral physics device.  Using the DAC it is 
possible to generate pressure well above 200 GPa, which is equivalent to the pressure in the 
Earth’s core.  The device consists of a steel frame containing two modified brilliant cut 
diamonds.  The diamonds have truncated pavilions, resulting in flat culet facets between which 
the sample is placed.  A gasket composed of either steel or rhenium is placed between the 
diamonds, indented by the diamonds, and then a cylindrical hole is drilled through the indent.  
The sample along with a ruby pressure standard (and/or some other standard) is placed inside 
the gasket hole.  The void inside the gasket is then filled with a pressure medium, usually either 
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methanol-ethanol, or a noble gas such as neon for higher pressure.  Pressure is generated by 
incrementally tightening set screws that bring the diamonds closer together thus compressing 
the pressure medium and sample.  There are ports in the metal frame on either side of the 
device that allow light to pass through the diamonds and sample.  This allows the sample to be 
analyzed at high pressure by X-ray diffraction, Raman spectroscopy, Brillouin and FTIR 
spectroscopy, and other optical techniques.  It is also possible to externally heat the DAC using 
a resistance heater or directly heat the sample using an argon or CO2 laser to study materials at 
simultaneous temperature and pressure.  It is possible to use the heated DAC for synthesis.  
Pressure inside the cell can be determined by several methods.  Two of the most common are 
ruby fluorescence, and the diffraction by a pressure standard.  A ruby sphere placed inside the 
cell fluoresces when excited by laser.  The R1 and R2 ruby fluorescence peaks have been 
calibrated so that their position may be used to infer pressure inside the DAC.  The other 
technique utilizes calibrated x-ray diffraction patterns of a variety of pressure standards.  One 
of the most common standards used is the neon which is used as a pressure medium.  Neon 
crystallizes at approximately 5 GPa, and from that point on may be used as a pressure standard.  
In a typical compression experiment ruby fluorescence is measured before and after each 
pressure step as it takes some time for the pressure in the cell to equilibrate.  There are several 
other commonly used pressure standards such as gold and platinum.  There are a variety of 
different DAC designs with their pressure capability primarily controlled by the dimension of 
the culet.  Whereas the DAC is capable of generating pressure equivalent to that of the Earth’s 
core, there is a limit to the temperature that can be attained due to the risk of oxidizing the 
diamonds at high temperature. 
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Figure 2.5.  Diamond anvil cell at beamline 13-BMD GSECARS at the APS.  The DAC is held by the 
copper block in the center of the image.  The tube to the right of the DAC contains the x-ray 
beam.  The large circular device to the left is the MAR detector. 
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Chapter 3: Experimental results 
 The experimental portion of this study has focused on analysis of polyphase sample 
SS0105, with emphasis on the majoritic garnet.  The starting material for sample SS0105 was 
approximately a wet peridotitic composition with 2% water by weight in the form of brucite 
plus some corundum to promote the nucleation of garnet.  This is sometimes referred to as the 
MFASH (magnesia, iron, alumina, silica, water) system.  The multi anvil press synthesis was 
conducted at approximately 18 GPa and 1550 C, which should simulate the P-T conditions 
encountered at a depth of about 540 Km in Earth.  These conditions are quite close to those 
that would exist at the core-mantle boundary in Mars.  The experiment resulted in a polyphase 
sample consisting of wadsleyite, ringwoodite, majorite, and an as yet unidentified highly 
aluminous phase henceforth referred to as “mineral x”.  Mineral X fits the general formula for 
either a garnet or a pyroxene.  Electron probe microanalysis EPMA was conducted at the 
University of Colorado and yielded the following chemical analysis. 
 
majorite ringwoodite wadsleyite mineral-x 
O 12.0000 4.0000 4.0000 12.0000 
Si 3.8604 1.0030 1.0017 3.2714 
Ti 0.0007 0.0008 0.0005 0.0008 
Al 0.1322 0.0031 0.0033 1.2930 
Cr 0.0022 0.0010 0.0000 0.0020 
Fe 0.4194 0.4114 0.2033 0.3799 
Mn 0.0075 0.0012 0.0694 0.0121 
Mg 3.6465 1.5725 1.7179 3.0587 
Ca 0.0028 0.0010 0.0001 0.0624 
 
Table 3.1.  Major element analysis of the 4 phases in sample SS0105 given in atoms per formula 
unit.  Atomic proportions were calculated from the weight percent oxide EPMA data by 
normalizing to an integer number of oxygens. 
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Figure 3.1.  BSE image of SS0105.  The large grains that comprise the majority of the left side of 
the image are wadsleyite.  The highly reflective phase on the right side of the image is 
ringwoodite, and the small equant grains dispersed throughout the sample are majorite. 
  
 Formulas for the majoritic garnet and mineral x were calculated by normalizing the 
chemical analysis to 12 oxygen atoms and fitting to a general garnet (or pyroxene) formula: 
X3Y2(SiO4)3.  Where the x position is occupied by divalent cations and the y position is 
occupied by trivalent cations (or by a coupled substitution of divalent and tetravalent cations).  
This yields a formula of (Fe+20.214Mg
+2
2.786)(Fe
+3
0.205Mg
+2
0.86Al
+3
0.132Si
+4
0.86)(SiO4)3 for the majorite, 
and (Fe+20.212Mg
+2
2.788)(Fe
+3
0.168Mg
+2
0.271Al
+3
1.293Si
+4
0.271)(SiO4)3 for mineral X.  Note that both of 
these phases apparently contain a significant portion of ferric iron.  The majorite and mineral x 
are 6.6% and 65% aluminous respectively (the percentage of the y position occupied by 
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aluminum).  The majorite is approximately 10.43% total iron by weight.  Formulas for the 
wadsleyite and ringwoodite were calculated by normalizing the chemical analysis to 4 oxygen 
atoms.  The wadsleyite formula is (Mg1.718Fe0.203)SiO4 which is approximately a Fo86 
composition.  The ringwoodite formula is (Mg1.573Fe0.411)SiO4 which is approximately a Fo79 
composition.  This suggests possible iron partitioning coefficients between ringwoodite and 
wadsleyite, majorite and wadsleyite, and ringwoodite and majorite of 1.967, 1.370, and 1.435 
respectively.  However there is some uncertainty in these numbers due to the presence of ferric 
iron which partitions differently that ferrous iron.  There is also some evidence of zoneation in 
the aluminum contents of the majorite crystals which suggests the sample may have been 
slightly out of equilibrium upon quenching. 
 
Figure 3.2.  Aluminum mapping of SS0105 showing zoneation of the majoritic garnet, and the 
presence of a highly aluminous phase (possibly un-reacted corundum starting material). 
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 Secondary Ion Mass Spectroscopy SIMS analysis of this assemblage was conducted at 
the University of Hawaii using various natural basalt glasses as standards.  The experiment 
yielded water contents of approximately 8129 ppm wt +/-42, and 6539 ppm wt +/-59 for the 
wadsleyite and ringwoodite respectively.  This suggests a hydrogen partitioning coefficient of 
approximately 1.24 between the two olivine polymorphs.  As previously stated an acceptable 
measurement was unfortunately not obtained for the majorite.  A second attempt will be made 
to accurately characterize the hydrogen content of the garnet, possibly using nano-SIMS to 
avoid overlapping of the ion beam onto adjacent grains.   
 Raman spectra were obtained for the wadsleyite and majorite in order to observe the 
OH stretching modes.  The spectra were baseline-corrected and calibrated using a Korth glass 
standard with 332 ppm wt water.  It is possible that there is some error in the inferred water 
contents due to matrix effects; however the calculated H content of the wadsleyite is in 
reasonably good agreement with the SIMS.  The wadsleyite spectrum has two peaks with a 
combined area 18.5 times that of the standard, the majorite has three peaks with a total area 
4.08 times the standard.  Assuming that the hydration of the sample is simply proportional to 
the area under the curve, the Raman spectra yield values of 6125 and 1354 ppm wt for the 
wadsleyite and majorite respectively.  This suggests an H partitioning coefficient of 4.5 between 
the two phases.  If this partitioning coefficient is applied to the water content of the wadsleyite 
as measured by SIMS it gives a value of 1806 ppm wt water for the majorite.  Using the 
partitioning coefficient between wadsleyite and ringwoodite obtained from SIMS and the 
wadsleyite-majorite partitioning coefficient given above, it is possible to calculate an H 
partitioning coefficient between ringwoodite and majorite of 3.62. 
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Figure 3.3.  Baseline-corrected Raman spectra for majorite SS0105 and the glass standard.  
 
 
 
Figure 3.4.  Baseline-corrected Raman spectra for wadsleyite SS0105 and the glass standard.  
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 The majoritic garnet was analyzed by single crystal X-ray diffraction at the University of 
Colorado at Boulder using a Bruker 4-circle diffractometer with point detector.  The experiment 
yielded a tetragonal unit cell of: a = 11.5083(13), c = 11.4666(15), V = 1518.6(3).  A structure 
refinement was also done on the same crystal using a micro-focusing diffractometer at Virginia 
Tech.  The unit cell parameters obtained from the Virginia Tech experiment are: a = 11.5116(2), 
c = 11.4720(3), V = 1520.23.  The results of the structure refinement and unit cell analysis are 
presented in the following figures.                                                  
       
Figure 3.5.  Visualization of the majorite SS0105 unit cell created using XtalDraw 2003.  Atoms 
are displayed as tri-axial ellipsoids reflecting the displacement parameters given in the 
following table.  Blue ellipsoids represent silicon atoms, green represents magnesium. 
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Table 3.2.  Atomic coordinates, site occupancies, and displacement parameters as refined by 
single crystal x-ray diffraction.  Errors are given beneath each number. 
 
Table 3.3.  Coordination # and polyhedral 
volume for each cation site in the 
structure.  Note the extreme difference in 
polyhedral volume between the two 
octahedral sites due to ordering of silicon 
and magnesium in the structure. 
  
ATOM X Y Z sof U11 U22 U33 U23 U13 U12 Ueq
MgD1 0.12574 0.00831 0.25818 0.94653 0.01394 0.01785 0.01670 0.00223 0.00435 -0.00020 0.01616
0.00018 0.00021 0.00020 0.01034 0.00108 0.00110 0.00112 0.00082 0.00096 0.00107 0.00065
FeD1 0.12574 0.00831 0.25818 0.05347 0.01394 0.01785 0.01670 0.00223 0.00435 -0.00020 0.01616
0.00018 0.00021 0.00020 0.01034 0.00108 0.00110 0.00112 0.00082 0.00096 0.00107 0.00065
MgD2 0.00000 0.25000 0.62239 0.47902 0.01432 0.02911 0.00598 0.00000 0.00000 -0.00811 0.01647
0.00000 0.00000 0.00033 0.00635 0.00177 0.00213 0.00136 0.00000 0.00000 0.00118 0.00090
FeD2 0.00000 0.25000 0.62239 0.02098 0.01432 0.02911 0.00598 0.00000 0.00000 -0.00811 0.01647
0.00000 0.00000 0.00033 0.00635 0.00177 0.00213 0.00136 0.00000 0.00000 0.00118 0.00090
MgO1 0.00000 0.00000 0.50000 0.50593 0.00272 0.00412 0.00588 -0.00187 -0.00003 0.00001 0.00424
0.00000 0.00000 0.00000 0.00833 0.00160 0.00150 0.00155 0.00107 0.00096 0.00091 0.00097
SiO2 0.00000 0.00000 0.00000 0.48076 0.01442 0.01503 0.00476 0.00149 0.00002 0.00112 0.01140
0.00000 0.00000 0.00000 0.00775 0.00162 0.00151 0.00136 0.00101 0.00091 0.00093 0.00094
T1 0.00000 0.25000 0.37500 0.22865 0.01342 0.01342 0.00616 0.00000 0.00000 0.00000 0.01100
0.00000 0.00000 0.00000 0.00517 0.00165 0.00165 0.00213 0.00000 0.00000 0.00000 0.00138
T2 0.00000 0.25000 0.87500 0.23418 0.00701 0.00701 0.00339 0.00000 0.00000 0.00000 0.00580
0.00000 0.00000 0.00000 0.00503 0.00147 0.00147 0.00194 0.00000 0.00000 0.00000 0.00126
T3 0.12495 0.00714 0.75288 0.93794 0.00570 0.00956 0.00794 0.00008 0.00060 0.00086 0.00773
0.00014 0.00016 0.00016 0.00983 0.00084 0.00084 0.00080 0.00059 0.00075 0.00085 0.00052
O1 0.02859 0.05595 0.66104 1.00000 0.00661 0.02117 0.01171 0.00294 0.00265 0.00075 0.01316
0.00040 0.00044 0.00040 0.00000 0.00210 0.00261 0.00213 0.00191 0.00188 0.00201 0.00107
O2 0.03934 -0.04625 0.85342 1.00000 0.02135 0.01350 0.01832 0.00272 -0.00188 -0.00594 0.01772
0.00048 0.00045 0.00043 0.00000 0.00269 0.00253 0.00223 0.00200 0.00211 0.00223 0.00108
O3 0.21957 0.10239 0.80230 1.00000 0.01600 0.02116 0.01720 0.00017 -0.00282 0.00059 0.01812
0.00050 0.00045 0.00042 0.00000 0.00248 0.00275 0.00224 0.00209 0.00201 0.00213 0.00109
O4 0.21468 -0.08923 0.70104 1.00000 0.01487 0.01504 0.01432 -0.00368 -0.00150 0.00170 0.01474
0.00048 0.00042 0.00040 0.00000 0.00237 0.00253 0.00213 0.00183 0.00197 0.00204 0.00104
O5 -0.05848 0.15927 0.46866 1.00000 0.01537 0.01141 0.01674 0.00158 0.00095 -0.00050 0.01451
0.00040 0.00043 0.00042 0.00000 0.00250 0.00235 0.00225 0.00189 0.00193 0.00185 0.00105
O6 -0.10153 0.20712 0.78340 1.00000 0.02292 0.02081 0.01086 -0.00220 0.00293 -0.00146 0.01820
0.00047 0.00047 0.00041 0.00000 0.00273 0.00243 0.00220 0.00196 0.00199 0.00208 0.00111
Cation Site Coordination # Polyhedral Volume
MgD1 8 20.298
MgD2 8 20.112
MgOc1 6 10.319
SiOc2 6 8.112
SiT1 4 2.213
SiT2 4 2.255
SiT3 4 2.196
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 The structure refinement suggests that iron occupancies of dodecahedral sites MgD1 
and MgD2 are 0.05 and 0.02 atoms respectively (per 6 oxygen atoms).  This results in a 5% 
occupancy of the X position in the formula, which is in good agreement with the 7% occupancy 
calculated from the electron probe analysis.  There is an apparent over-occupancy of the 
octahedral site MgO1, possibly due to the presence of ferric iron.   There is an apparent under-
occupancy of octahedral site SiO2, possibly due to the presence of aluminum or vacancy.  There 
are also apparent vacancies in the tetrahedral sites.  These occupancies are however subject to 
some uncertainty because the structure was refined using scattering factors for neutral atoms 
as opposed to ions.  It is therefore likely that some of the apparent vacancy is an artifact of the 
refinement.   
 
Figure 3.6. 
A comparison  
between the unit cell 
volumes of garnets 
along the pyrope 
majorite join from the 
literature with the two 
refinements obtained 
for the majorite in 
sample SS0105.  The 
larger cell of SS0105 is 
due to the presence of 
iron. Data were taken 
from Heinemann et al., 
1997.  (Error bars are 
too small to display).  
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Figure 3.7. 
A comparison 
between the c/a ratio 
of garnets along the 
pyrope majorite join 
from the literature 
with the c/a ratio of 
SS0105.  The c/a ratio 
is a measure of how 
tetragonal a garnet is.  
This number should 
not be affected by the 
presence of iron.  
Data were taken from 
Heinemann et al., 
1997.  (Error bars are 
too small to display). 
 
                               
Figure 3.8. 
A comparison 
between the unit cell 
volumes of aluminum 
free iron bearing 
majoritic garnets from 
the literature with the 
two unit cell volumes 
obtained for SS0105.  
The volume of SS0105 
is slightly decreased 
due to the presence 
of aluminum.  Data 
were taken from 
McCammon and Ross, 
2003.  (Error bars are 
too small to display). 
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 Three attempts have been made to observe the structure at high pressure using the 
diamond anvil cell (DAC) in conjunction with synchrotron radiation.  The first and third 
experiments were done in October 2010 and November 2011 at the GSECARS facility at the 
Advanced Photon Source (APS) at Argonne National Laboratory.  The second experiment was 
done in October 2011 at the Advanced Light Source (ALS) at Lawrence Berkley National 
Laboratory.  All experiments were isothermal compression studies using a neon pressure 
medium.  The third experiment produced very high quality data; however the analysis has not 
been completed.  In the first and second experiments the sample was taken to over 50 GPa, but 
the data quality was rather poor.  At low pressure it was possible to refine the unit cell as 
tetragonal, however with increasing pressure the data quality rapidly degraded.  The high 
pressure patterns display ubiquitous splitting of the peaks, the cause of which is not obvious.  A 
combined data set including 11 pressure points from the first experiment, one pressure point 
from the second experiment, and an ambient pressure measurement from the Virginia Tech 
structure refinement has been compiled for equation of state analysis.  In the 11 APS data 
points the unit cell was refined as cubic because the tetragonal distortion was not resolvable at 
high pressure.  This data set was fit to a third order Birch Murnaghan equation of state using 
the EOS-FIT software (Ross Angel).  Unfortunately the data was not of sufficient quality to refine 
the pressure derivative of the bulk modulus, so K-prime was constrained to be 4.5.  This PVT 
analysis yielded a value of 163 +/-3 for the isothermal bulk modulus.  This number is in excellent 
agreement with values of the parameter found in the literature.  The data set used in the 
calculation is presented in the following figures. 
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Figure 3.9.  
Pressure in the 
DAC as measured 
by the ruby and 
neon standards 
during the 2010 
APS experiment.  
Note the 
divergence of the 
two standards at 
high pressure, 
possibly the 
result of the ruby 
bridging the 
diamonds.  At 
high pressure the 
neon average 
was held. 
 
 
 
 
Figure 3.10.   
Unit cell volume 
versus pressure 
from the 2010 
APS experiment.  
Note the gap in 
data at low 
pressure resulting 
from an un-
resolvable 
pattern.  The first 
data point is from 
the Virginia Tech 
experiment and 
the third data 
point is from the 
2011 ALS run. 
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Table 3.4.  Input parameters for the bulk modulus calculation.  The pressure errors were taken 
to be the difference in the value between the two neon peaks used in the calculation.  The first 
three pressure errors are assumed values.  The ambient pressure unit cell is the volume 
obtained in the Virginia Tech experiment; this unit cell was refined as tetragonal.  The third 
pressure point at 2.65 GPa is also a tetragonal refinement and was obtained during the 2011 
ALS experiment.  All other values were obtained during the 2010 APS experiment, and the unit 
cell was refined as cubic due to the relatively poor data quality. 
 
Figure 3.11. 
Diffraction pattern of majorite in 
the DAC at 13.9 GPa from the 
November 2011 APS experiment.  
The large peaks are caused by 
diffraction by the diamonds.  
Several rows of peaks from the 
sample are clearly visible.  The 
powder rings are from the neon 
pressure medium, and the white 
patch in the middle is the beam 
stop.  During this experiment high 
quality data were collected up to 
approximately 18 GPa.  Once 
analyzed this data set will 
certainly help provide better 
equation of state parameters, and 
it may be possible to refine the 
full structure. 
 
Pressure P Error Volume Vol Error
0 0.2 1520.23 0.04590521
1.67 0.34 1509.67458 0.59263806
2.65 0.3 1501.87513 2.05584091
9.485 0.006 1443.16517 1.01748766
11.5295 0.023 1426.33553 1.22903181
15.119 0.112 1405.45491 1.58645625
17.2235 0.075 1394.34247 1.62131797
19.452 0.184 1383.10255 1.39758073
22.777 0.248 1367.22445 1.36552759
24.598 0.324 1359.6257 1.3392061
26.914 0.306 1347.91435 1.50058467
31.879 0.63 1326.64875 1.77752965
34.376 0.87 1320.75351 2.0850116
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Chapter 4: Seismic velocity model 
 One of the most likely observable effects of mantle hydration is its influence on seismic 
velocities.  The cation vacancy mechanism that has been experimentally investigated in 
wadsleyite, ringwoodite, and other magnesium silicates has a profound impact on the bulk and 
shear moduli and density of these minerals.  The model presented here attempts to place 
constraints on the amount of hydrogen that may be sequestered in the transition zone by 
calculating seismic velocity and density profiles for the Earth from empirical mineral physics 
data and comparing those profiles with published radially symmetric geophysical modes.   
 The model presented here assumes that the mineralogical composition of the mantle is 
consistent with the pyrolite model.  Thermoelastic parameters for the various phases have 
been taken from the literature along with estimated “hydration derivatives” which characterize 
the effect of hydration on these parameters.  Geothermal gradients have also been taken from 
the literature, and some effort has been made to vary all of the input parameters within their 
experimental ranges.  Furthermore it was assumed that the lower mantle is essentially 
anhydrous, which is supported by experimental data.  The upper mantle (above 410 Km) is 
almost certainly hydrated to some degree especially since the solubility of hydrogen in olivine, 
pyroxene, and garnet increases with depth.  However it appears as though the effect of this 
hydration on the seismic velocities of the upper mantle minerals is very small (Mao et al., 
2009), so the upper mantle has not been hydrated in this model.  That is not to say however 
that hydration of upper mantle phases does not have important effects on other properties 
such as viscosity, shear strength, deformation mechanisms, and depression of melting 
temperatures.   
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 The equation of state used in this calculation is a relatively simple first order 
approximation, however over the upper 1000 km of the mantle the error in this formulation is 
quite negligible and the effects of hydration are of the first order.  Two different pyrolitic 
mineral assemblages were used based on the compositional models presented by Ritsema et 
al., (2009); the equilibrium assemblage and the mechanically mixed mantle assemblage.  A 
‘piclogite’ assemblage was also modeled for comparison.  The calculation was also made using 
two different geotherms, one a relatively cool geotherm published by Anderson (1982), and the 
other a relatively hot geotherm published by Katsura et al., (2010).  The two geotherms agree 
quite well in the lower mantle but differ significantly in the upper mantle and transition zone. 
 The spherically symmetric density-velocity model presented in this paper was 
constructed using empirically determined values for the elastic properties of the various 
mineral phases.   These values are taken from the literature and a simple weighted averaging 
scheme is used to estimate the isothermal and adiabatic bulk modulus, shear modus, and 
density of the bulk rock from the constituent phases.  The density of each phase at temperature 
and pressure is calculated by the following equation: 
 PT =  0 [1 + 
  
  
 –   ( T)]       (Inoue et al., 2004) 
Where   is the coefficient of thermal expansion at temperature and pressure and KT is the 
isothermal bulk modulus at temperature and pressure, and adjusted for hydration.  KT was 
calculated using the simple linear equation: 
K T = K T0 + KT’⋅P + 
   
  
⋅T + 
   
  
⋅|H2O| 
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Thermal expansion at temperature and pressure is given by: 
 PT =  0 +  1·T + 
  
  
⋅P            where,       
  
  
 = 
 
  
 
   
  
       (Karato, 2008; Stacey, 1998) 
Rho zero is adjusted for hydration using a simple differential approximation, and the shear 
modulus and adiabatic bulk modulus are calculated analogously to the isothermal bulk 
modulus.  The coefficient of thermal expansion in this model has not been adjusted for 
hydration as there is some contention over the polarity of this effect (Inoue et al., 2004, Ye 
et al., 2009).  Seismic velocities are calculated from the familiar equations: 
VP = 
   
 
  
 
         and,            VS = 
 
 
        (Williamson and Adams, 1923)   
The Thermoelastic parameters used are given in the following table (Table 4.1).
 
  
 
          
Table 4.1 References: (1) Li and Libermann, 2007, (2) Jackson and Rigden, 1996, (3) Kennett and 
Jackson, 2009, (4) Hofmeister and Mao, 2003, (5) Matsui, 2006, (6) Zhao et al., 1995, (7) 
Chopelas, 2000, (8) Fei and Saxena 1987, (9) Nishihara et al., 2005, (10) Zhang, 2002, (11) Holl 
et al., 2008, (12) Meng et al., 1993, (13) Afonso et al., 2005, (14) Mattern et al., 2005, (15) Wang 
et al., 1998, (16) Vacher et al., 1998, (17) Trampert et al., 2001 
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Figure 4.1.  Two proposed geothermal gradients that were considered in the model: a cool 
geotherm published by O. L. Anderson in 1982, and a hotter geotherm published by Katsura et 
al., 2010.  Note the drastic difference between the two profiles in the upper mantle and 
transition zone. 
 
 The effect of hydrogen on the thermoelastic parameters of wadsleyite and ringwoodite 
in the model is accounted for via the use of linear hydration derivatives.  The following table 
gives the hydration derivatives used in the model.  As previously discussed the effect of 
hydration on the coefficient of thermal expansion has been neglected.  The effect on the 
isothermal bulk modulus is assumed to be the same as the effect on the adiabatic modulus.    
 
dρ0/dH dKs/dH dG/dH 
wadsleyite 4.40E-06(1) -0.0013(2) -0.0015(3) 
ringwoodite 4.70E-06(1) -0.0012(4) -0.0016(4) 
   
Table 4.2.  Hydration derivatives per ppm wt water.  References: (1) Inoue et al., 2004, (2) Mao 
et al., 2008, (3) Smyth and Jacobsen 2006, (4) Jacobsen et al., 2004. 
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Geophysical Models 
 
 
Figure 4.2.  A comparison of P wave velocities between PREM (Dziewonski and Anderson, 1981) 
and ak-135 (Kennett et al., 1995).  Note the differences in gradient between the two models in 
the upper mantle and transition zone.  Also the ak-135 model does not exhibit the Lehmann 
discontinuity at 220 Km.  Within the depth range considered here the ak-135 model is virtually 
identical to the SP-6 model (Morelli and Dziewonski, 1993), and the iasp-91 model (Kennett and 
Engdahl, 1991), ak-135 is considered by many to be the preferred model. 
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Mineral Assemblage A 
Depth %-Ol %-Opx %-Cpx %-Gt %-Wads %-Ring %-Maj %Pvsk %CaPv %FrPc 
50 66 13 9 12 0 0 0 0 0 0 
100 66 13 9 12 0 0 0 0 0 0 
150 66 11 9 14 0 0 0 0 0 0 
200 66 10 9 15 0 0 0 0 0 0 
220 66 10 9 15 0 0 0 0 0 0 
220 66 10 9 15 0 0 0 0 0 0 
250 66 9 9 16 0 0 0 0 0 0 
300 66 9 9 16 0 0 0 0 0 0 
350 66 8 8 16 0 0 2 0 0 0 
400 66 5 8 16 0 0 5 0 0 0 
410 66 5 8 16 0 0 5 0 0 0 
410 0 5 8 16 66 0 5 0 0 0 
450 0 0 5 16 66 0 13 0 0 0 
500 0 0 4 16 46 20 14 0 0 0 
520 0 0 3 16 33 33 15 0 0 0 
520 0 0 3 16 33 33 15 0 0 0 
550 0 0 0 16 20 46 18 0 0 0 
600 0 0 0 15 0 66 18 0 1 0 
650 0 0 0 14 0 66 18 0 2 0 
660 0 0 0 13 0 66 18 0 3 0 
660 0 0 0 6 0 0 13 59 3 19 
700 0 0 0 3 0 0 8 65 5 19 
750 0 0 0 0 0 0 6 67 8 19 
800 0 0 0 0 0 0 0 68 13 19 
900 0 0 0 0 0 0 0 68 13 19 
1000 0 0 0 0 0 0 0 68 13 19 
 
Table 4.3.  Mineral assemblage A is approximately the mechanically mixed pyrolitic model 
advocated by Ritsema et al., 2009.  This is considered the preferred assemblage. 
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Figure 4.3.  The calculated density profile of the dry mineral assemblage A using the hot 
geotherm of Katsura et al., 2010, compared to density profiles of PREM, ak-135, and Anderson 
et al., 1982.   
 
      
  Figure 4.4.  The same profile calculated using the cold geotherm of O. L. Anderson, 1982.          
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  Figure 4.5.  Assemblage A calculated using hot geotherm and with 0.3% water by weight. 
 
 
  Figure 4.6.  Assemblage A calculated using cold geotherm and with 0.5% water by weight. 
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Figure 4.7.  P and S wave velocity profiles for mineral assemblage A calculated using the hot 
geotherm and no water (Compared to PREM and ak-135).  Note the significant misfit to both 
geophysical models in the P wave velocities of the Transition zone.  The S wave velocities 
appear to be highly consistent with the ak-135 model, and the gradient of the P-waves is also 
closer to this model.  The shear waves fit PREM quite well in the ringwoodite field, but there is a 
significant misfit in the wadsleyite field. 
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 Figure 4.8.  P and S wave velocity profiles for mineral assemblage A calculated using the hot 
geotherm and 0.3% water (Compared to PREM and ak-135).  Note the improved fit of the P waves 
to both models.  There is a very sleight worsening of the fit in the S waves to the ak-135 model, however 
they are still reasonably consistent.  The fit to PREM shear waves is improved in the wadsleyite field, and 
slightly worsened in the ringwoodite field. 
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Figure 4.9.  P and S wave velocity profiles for mineral assemblage A calculated using the cold 
geotherm and 0% water (Compared to PREM and ak-135).  Note the dramatic misfit in the 
transition zone P waves and also significant misfit in the S waves.  There is also a worsening of 
fit of the P waves in the upper mantle. 
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Figure 4.10.  P and S wave velocity profiles for mineral assemblage A calculated using the cold 
geotherm and 0.5% water (Compared to PREM and ak-135).  Note the improved fit in both the 
P and S waves over the anhydrous assemblage. 
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Mineral Assemblage B 
 
Depth %-Ol %-Opx %-Cpx %-Gt %-Wads %-Ring %-Maj %Pvsk %CaPv %FrPc 
50 59 14 12 15 0 0 0 0 0 0 
100 59 14 12 15 0 0 0 0 0 0 
150 59 11 13 17 0 0 0 0 0 0 
200 59 10.5 13 17.5 0 0 0 0 0 0 
220 59 10.5 12.5 18 0 0 0 0 0 0 
220 59 10.5 12.5 18 0 0 0 0 0 0 
250 59 10 12 19 0 0 0 0 0 0 
300 59 9 11 20 0 0 1 0 0 0 
350 59 5.5 10 20 0 0 5.5 0 0 0 
400 59 0 8.5 20 0 0 12.5 0 0 0 
410 59 0 7.5 20 0 0 13.5 0 0 0 
410 0 0 7.5 20 59 0 13.5 0 0 0 
450 0 0 5 20 59 0 16 0 0 0 
500 0 0 0 20 39 20 21 0 0 0 
520 0 0 0 20 30 29 21 0 0 0 
520 0 0 0 20 29 30 21 0 0 0 
550 0 0 0 19 20 39 22 0 0 0 
600 0 0 0 17.5 0 59 22 0 1.5 0 
650 0 0 0 15 0 59 22 0 4 0 
660 0 0 0 14.5 0 59 22 0 4.5 0 
660 0 0 0 6.5 0 0 16 56 4.5 17 
700 0 0 0 3 0 0 12.5 62.5 5 17 
750 0 0 0 0 0 0 0 75 8 17 
800 0 0 0 0 0 0 0 75 8 17 
900 0 0 0 0 0 0 0 75 8 17 
1000 0 0 0 0 0 0 0 75 8 17 
 
Table 4.4.  Mineral assemblage B is approximately the equilibrium pyrolitic model presented by 
Ritsema et al., 2009. 
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Figure 4.11.  Density profile of the dry mineral assemblage B calculated using the hot geotherm.  
 
 
Figure 4.12.  Density of the dry assemblage B calculated using the cold geotherm. 
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Figure 4.13.  Density profile of assemblage B using hot geotherm and with 0.3% water. 
 
 
Figure 4.14.  Density profile of assemblage B using cold geotherm and with 0.5% water. 
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Figure 4.15.  Seismic velocity profiles for mineral assemblage B calculated using the hot 
geotherm and with 0% water (plotted against PREM and ak-135). 
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Figure 4.16.  Seismic velocity profiles for mineral assemblage B calculated using the hot 
geotherm and with 0.3% water (plotted against PREM and ak-135). 
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Figure 4.17.  Seismic velocity profiles for mineral assemblage B calculated using the cold 
geotherm and with 0% water (plotted against PREM and ak-135). 
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Figure 4.18.  Seismic velocity profiles for mineral assemblage B calculated using the cold 
geotherm and with 0.5% water (plotted against PREM and ak-135). 
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Figure 4.19.  An alternate compositional model that has been suggested to account for the 
seismic velocities of the transition zone is the “piclogite” model (Anderson and Bass, 1984).  
Piclogite contains far less of the olivine polymorphs than pyrolite.  Figure modified from Vacher 
et al., 1998. 
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Figure 4.20.  Velocity profiles for an anhydrous piclogite assemblage calculated using the hot 
geotherm.  This model provides an excellent fit to the transition zone P waves, however the 
shear waves are significantly slower than the geophysical models in the ringwoodite field. 
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Figure 4.21.  Calculated density profile for an anhydrous piclogite composition using the hot 
geotherm.  Note the fit in the transition zone is quite poor. 
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Chapter 5: Conclusions 
 The Earth’s deep water cycle has been the object of significant debate in the mineral 
physics community.  Many researchers have devoted their time and effort to investigate the 
mechanisms by which water may be transported and stored in the mantle.  The bulk of this 
research has focused on the Mg2SiO4 polymorphs: olivine, wadsleyite, and ringwoodite.  There 
is however a significant non-olivine fraction in the mantle, most notably in the transition zone 
there is a large percentage of garnet.  The majorite end-member is a pure magnesium silicate 
garnet that dominates the garnet phase in the transition zone.  Many previous studies have 
assumed that the hydration of this phase is negligible; however recent evidence suggests that 
the hydration of garnet may be significant.  This study presents data collected on a hydrous 
mineral assemblage containing wadsleyite, ringwoodite, and majorite.  There are very few poly-
phase samples of this composition that have been synthesized, and analysis of this sample by 
electron probe microanalysis, Raman spectroscopy, and secondary ion mass spectroscopy has 
yielded valuable information on the partitioning of water and iron between these phases.  The 
majorite has also been analyzed by single crystal x-ray diffraction under both ambient and high 
pressure conditions.  There is some uncertainty in the degree of hydration of the majorite in 
this sample; however it is believed to be on the order or 1000 – 2000 ppm wt H2O.  The 
structure of this garnet and the isothermal bulk modulus that have been refined are not 
significantly different from those of anhydrous garnets of comparable major element 
composition that have been reported in the literature.  This suggests that the hydration of 
majoritic garnet may not have a detectable seismic signature, unless perhaps there is a 
significant effect on the shear modulus or other thermoelastic properties.  It is also possible 
54 
 
that the experimental errors were such that the effect could not be resolved.  There is also a 
possibility that many of the garnets that have been studied by previous researchers and were 
assumed to be anhydrous may actually have contained appreciable amounts of water.  It is 
common practice to put water in the starting material for flux.  This raises the question as to 
whether the thermoelastic parameters that are published in the literature are actually the 
properties of the anhydrous phase.  To answer this question fully it will be necessary to 
synthesize a suite of majoritic garnet samples with varying degrees of hydration, and attempt to 
resolve any differences in the parameters. 
 This study also presents an empirical seismic velocity model of the upper mantle, with 
the goal of constraining the amount of hydrogen that may be sequestered in the transition 
zone.  The velocity and density profiles were calculated using two different geotherms, one hot 
and one cold.  The calculation was made using two different pyrolitic mineral assemblages with 
varying degrees of hydration.  A piclogite model (Anderson and Bass, 1984, Vacher et al., 1998) 
was also investigated for comparison.  The best fit to the geophysical reference models was 
achieved using the mechanically mixed pyrolitic model (Ritsema et al., 2010), the hot geotherm 
(Katsura et al., 2010), and 3000 ppm wt water.  In all of the calculations there was an apparent 
discrepancy between the P wave velocities and the S wave velocities.  In all cases except the 
piclogite model a significant amount of water was needed to fit the P waves.  The amount of 
water needed depends on the geotherm used; if a cold geotherm is assumed then a higher 
degree of hydration is necessary to fit the profile.  The shear waves of the pyrolitic models were 
acceptably consistent with either a dry composition or with the presence of a few thousand 
ppm wt water.  The shear waves of the piclogite model were low in the anhydrous case, and 
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adding water would tend to exacerbate this misfit.  All of the mineral assemblages modeled 
displayed densities in the transition zone that were significantly lower than the three 
geophysical reference models.  Using a cold geotherm improves the density misfit, whereas 
hydration of the minerals worsens the fit.   
 There are several possible sources of error which may explain some of the apparent 
discrepancies observed in the model.  The majority of the shear moduli used in the calculations 
were obtained through gigahertz frequency ultrasonic interferometry.  It has been suggested 
that these values when extrapolated from gigahertz to hertz frequencies may incur some error 
as a result of frequency dependence (Jackson et al., 2005).  Another issue that merits further 
investigation is the effect of hydration on thermal expansion.  Ye et al., 2009 report that the 
hydration of wadsleyite and ringwoodite increases the thermal expansivity of these minerals.  
However the opposite effect was reported by Inoue et al., 2004.  If hydration were to increase 
the thermal expansion of these minerals then hydration of the transition zone would 
exacerbate the apparent density misfit.  If on the other hand hydration decreases the thermal 
expansion then it may bring the calculated density profile more into agreement with the 
geophysical reference models.  The thermal expansion of hydrous phases is experimentally 
difficult to constrain due to the limited temperature range over which measurements can be 
made without dehydrating the sample.   
 The mantle no doubt contains significant quantities of water.  It is virtually impossible to 
completely dehydrate a subducting oceanic slab due to the increasing solubility of hydrogen in 
the nominally anhydrous phases with increasing pressure.  Studies of upper mantle viscosity 
have found that observed isostatic responses can only be adequately explained by calling upon 
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some degree of hydration in the olivine.  The apparently anomalous velocities of the transition 
zone have prompted much investigation over the years.  Cammarano et al., 2003 used a Monte-
Carlo approach to produce approximately 100,000 pyrolitic seismic velocity models, and it was 
found that only about 0.1% of those models acceptably matched the geophysically determined 
velocities.  In other words it is rather difficult to explain the observed seismic velocities using a 
dry pyrolitic model.  There is a growing body of literature concerning the effects of hydration on 
the thermoelastic properties of mantle minerals.  As this knowledge increases we will have the 
ability to more precisely and accurately model the properties of the mantle as a function of 
hydration.  There are still many experiments to be done to fully constrain these effects.  Many 
of the parameters used in these types of calculations are extrapolated well beyond the 
temperature-pressure conditions under which they were measured.  It is also desirable to 
better refine the higher order derivatives and cross-derivatives of the thermoelastic 
parameters.  With modern mineral physics techniques it is now possible to achieve much higher 
degrees of accuracy than was possible when the pioneers of this field first began to investigate 
the enigmas of the deep Earth.  There is no doubt that we will continue to discover amazing 
things, and that our fundamental understanding of the physics and chemistry of planetary 
interiors will continue to expand. 
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